Introduction
[2] The eastward moving 4-day wave is a characteristic feature of the winter polar upper stratosphere that has been observed via satellite measurements of brightness temperatures Stanford, 1979, 1982; Prata, 1984; Lait and Stanford, 1988; Manney, 1991; Randel and Lait, 1991] . The 4-day wave has also been observed in the mesosphere [Lawrence et al., 1995; Lawrence and Randel, 1996; Garcia et al., 2005; Merzlyakov and Pancheva, 2007] and in stratospheric tracer fields such as ozone, methane, and water vapor [e.g., Allen et al., 1997; Manney et al., 1998 ]. The 4-day wave is a planetary-scale phenomenon with zonal wave numbers (k) of 1 -4, and propagates eastward with approximately the same phase speed such that the k = 1 wave has a period of near 4 days, while the k = 2 wave has a period of near 2 days. Superposition of these wave components sometimes creates long-lived ''warm pools'' that circle eastward around the winter pole with a period of approximately 4 days [e.g., Prata, 1984; Lait and Stanford, 1988; Allen et al., 1997] . The period of the 4-day wave is variable and shorter in the Southern Hemisphere than that in the Northern Hemisphere [Venne and Stanford, 1982] . In the Antarctic upper stratosphere, the period of the wave varies from approximately 3 to 5 days, probably under the influence of advection by mean winds [Manney, 1991] . The horizontal and vertical phase structures of the 4-day wave are also variable. The horizontal phase structure is characterized by either equatorward or poleward momentum flux. The vertical phase structure in the stratosphere generally has an equivalent barotropic structure with small vertical phase tilting, while a few events has been reported that exhibit strong equatorward heat flux [Randel and Lait, 1991; Manney, 1991] .
[3] A number of studies have suggested that the 4-day wave develops in the large-scale zonal mean westerly wind with a negative potential vorticity gradient in the vicinity of the wintertime polar vortex [e.g., Hartmann, 1983; Manney et al., 1988; Manney, 1991; Randel and Lait, 1991; Manney and Randel, 1993] . Two kinds of flow instabilities have been proposed to explain the observed relationships between the characteristics of the 4-day wave and the background zonal mean zonal wind; barotropic instability developing near the poleward flank of the stratospheric polar night jet, and mixed baroclinic and barotropic instability associated with the ''double-jet'' structure of the mesospheric westerly winds. The former case explains the equivalent barotropic structure of the 4-day wave with poleward momentum flux confined to polar latitudes [e.g., Hartmann, 1983; Manney et al., 1988; Manney, 1991] , while the latter explains the significant equatorward heat flux [e.g., Manney, 1991; Randel and Lait, 1991; Manney and Randel, 1993] .
[4] The double-jet structure has proven to be difficult to successfully reproduce in general circulation models (GCMs), primarily because momentum deposition due to small-scale upward propagating gravity waves, essential for the maintenance of large-scale flow structures in the mesosphere, has yet to be correctly resolved by GCMs [e.g., McLandress, 1998; Fritts and Alexander, 2003] . Although ongoing efforts to constrain gravity wave drag parameterizations may help to resolve these problems in the near future [e.g., Ern et al., 2004 Ern et al., , 2006 Alexander and Barnet, 2007; Alexander et al., 2008; Preusse et al., 2006 Preusse et al., , 2009 , only a few low-resolution GCMs can currently reproduce the double-jet structure in the Southern Hemisphere winter mesosphere [e.g., McLandress and Scinocca, 2005; Watanabe, 2008] .
[5] Recently, Watanabe et al. [2008] described the general features of the T213L256 middle atmosphere GCM, in which certain aspects of atmospheric gravity waves are simulated directly. In the high-resolution GCM, gravity waves are spontaneously generated by various source mechanisms, propagate laterally and vertically to reach the mesosphere, and deposit momentum during dissipation due mainly to wave breaking and critical level absorption. The momentum deposition due to the directly simulated gravity waves creates the characteristic double-jet structure of the westerly winds in the Southern Hemisphere winter mesosphere. The gravity wave-resolving GCM of Watanabe et al. [2008] thus provides results for the first self-consistent numerical simulation of the eastward 4-day wave in the Antarctic winter mesosphere.
[6] In the present study, the eastward 4-day wave in the Antarctic winter mesosphere is characterized on the basis of this new GCM, and the relationships between the characteristics of the wave structures and the background mean flows are investigated in consideration of previous observational and theoretical studies, focusing on flow instabilities. As the 4-day wave develops from dynamically unstable flow structures, it is possible that the 4-day wave acts to stabilize the flow structures. The effects of the 4-day wave on the momentum budget in the middle of the mesospheric double-jet structure are investigated quantitatively by comparison with the contributions of the directly simulated small-scale gravity waves.
[7] Brief descriptions of the model and the period of analysis are given in section 2. Section 3.1 describes the seasonal marches of the zonal mean zonal wind and wave activities in the Southern Hemisphere winter stratosphere and mesosphere, focusing on wave mean flow interactions. Section 3.2 presents the results of a spatiotemporal Fourier analysis as the basis for determining the spectral filters to be used to extract the simulated 4-day wave. Section 3.3 describes the monthly mean activities of the 4-day waves, and examines the relationships between wave characteristics and flow instability. Section 3.4 discusses the evolution of the 4-day wave in terms of the k = 1 and k = 2 components, and section 3.5 investigates the dynamics of the 4-day wave in a number of characteristic wave events. Section 3.6 focuses on the roles of the 4-day wave in the zonal mean momentum budget in the Antarctic winter mesosphere, and concluding remarks are provided in section 4.
Model Description
[8] The T213L256 middle atmosphere GCM developed for the KANTO project is employed in the present study [see Watanabe et al., 2008] . The model has a horizontal triangularly truncated spectral resolution of T213, corresponding to a latitude -longitude grid interval of 0.5625°( 62.5 km near the equator), and comprises 256 vertical layers from the surface to a height of approximately 85 km with a vertical resolution of 300 m throughout the middle atmosphere. No parameterization of subgrid gravity waves is used in the model in order to focus on the directly simulated gravity waves and their interactions with the large-scale circulations. Although the T213 horizontal resolution is insufficient to resolve very small gravity waves on the scale of 10 km, the vertical resolution is sufficiently fine to resolve the majority of observed gravity waves with acceptable accuracy [e.g., Sato, 1994; Tsuda et al., 1994; Allen and Vincent, 1995; Sato et al., 2003; Sato and Yoshiki, 2008] . In the model, gravity waves are spontaneously generated by a range of source mechanisms, including convection, topography, instability, and adjustment processes. The fine vertical resolution allows the model to accurately simulate the vertical propagation of gravity waves. The turbulent breakdown processes of gravity waves associated with shearing and convective instabilities cannot be directly represented by the model, and are instead represented by a Richardson number-dependent vertical diffusion parameterization in combination with dry convective adjustment. The monthly and zonal mean ozone climatology is prescribed in the model. The original ozone data set has the horizontal resolution of 2.5 by 2.5°in longitude and latitude and the vertical resolution of about 2 km in the stratosphere, extending from the surface to a 0.0011 hPa level (D. Li and K. P. Shine, UGAMP ozone climatology, British Atmospheric Data Center, 1999, available at http://badc. nerc.ac.uk/data/ugamp-o3-climatology/). We interpolated it into our model grid. A detailed description of the model and its characteristics for various simulated phenomena is given by Watanabe et al. [2008] , Tomikawa et al. [2008] [9] The GCM was executed for three successive years with a time step of 30 s, and it was confirmed that the seasonal march of the general circulation in the middle atmosphere was successfully reproduced throughout the simulation. In the present study, hourly sampled hourly mean data for the Antarctic winter months (June to September) in the first year of the simulation are analyzed, during which the double-jet structure of mesospheric westerly winds often appears.
Results

Seasonal March of Mean Winds and Wave Forcing
[10] Figure 1 shows the monthly average zonal mean zonal wind and the Eliassen and Palm (EP) flux in the Southern Hemisphere upper stratosphere and mesosphere in June, July, August, and September. The EP flux and its divergence, representing wave forcing on the zonal mean zonal wind [e.g., Andrews et al., 1987] , are calculated separately for zonal wave numbers (k) of 1-5 (Figures 1b,  1e , 1h, and 1k) and >6 (Figures 1c, 1f, 1i, and 1l) . The EP flux associated with the k = 1 -5 wave components is mainly attributable to upward propagating planetary waves, while the latter (k > 6) is mainly due to upward propagating smallscale gravity waves with horizontal wavelengths of 200 -1000 km .
[11] The stratospheric polar night jet and the mesospheric subtropical jet are mixed in June and July. The westerly winds exhibit a single peak near 48°S, 0.3-0.5 hPa during this period. The activity of the upward propagating planetary waves is relatively weak, and the dissipation of these planetary waves creates a weak westward forcing on the equator side of the westerly jet.
[12] Strong enhancement of the upward propagating planetary waves occurs in August, causing a strong westward forcing near 40°S, 0.7 hPa. Such strong wave forcing results in separation of the stratospheric polar night jet from the mesospheric subtropical jet. The westward forcing due to upward propagating planetary waves shifts poleward and downward in August and September, in response to changes in the meridional structures of the polar vortex. In this period, the seasonal variation in the meridional structure of the stratospheric polar night jet appears to be driven by the upward propagating planetary waves in the stratosphere.
[13] In the middle and upper mesosphere, the meridional structure of the westerly winds including the subtropical jet stream is primarily maintained by westward forcing due to small-scale gravity waves. The stratospheric westerly winds extend to approximately 20°S in June and July. South of 20°S, small-scale gravity waves with westward intrinsic phase velocities, indicated by upward directed EP flux, propagate upward from the troposphere to the mesosphere. The dissipation of such westward propagating gravity waves creates westward forcing at the corresponding latitudes of the mesosphere. The westward forcing peaks at about 55°S in the upper mesosphere, and exhibits a triangular shape that is likely to influence the subtropical maximum of the mesospheric westerly winds and the secondary maximum of the mesospheric westerly winds near 70°S. This double-jet structure of the mesospheric westerly winds is of primary importance in reproducing excitation of the 4-day wave in the Antarctic winter mesosphere.
[14] The stratospheric polar night jet separates from the mesospheric subtropical jet in August and September. The westward propagating gravity waves only propagate upward within the stratospheric westerly winds and are thus confined to higher latitudes compared to those in June and July. The westward forcing due to gravity waves weakens and shifts poleward and downward in August and September, resulting in the development of the double-jet structure in the Antarctic mesosphere above the stratospheric polar night jet.
[15] An interesting finding in Figure 1 is the eastward forcing due to planetary-scale (k = 1 -5) waves appearing near the double-jet structure of the westerly winds in the Antarctic mesosphere (Figures 1b, 1e , 1h, and 1k), which offsets part of the westward forcing due to small-scale gravity waves (Figures 1c, 1f, 1i, and 1l) . Such an effect modifies the meridional distribution of the total wave forcing in the polar mesosphere, and likely weakens the double-jet structure. The dynamics of the planetary-scale waves providing this eastward wave forcing are investigated in detail below.
Spectral Analysis
[16] The type of planetary-scale waves dominating the Antarctic winter mesosphere is investigated by spatiotemporal Fourier analysis [e.g., Hayashi, 1971] . Figure 2 shows zonal wave number-frequency spectra for a geopotential height of 0.1 hPa, calculated using hourly data for each month and averaged between 60°S and 70°S. The most prominent peaks occur in June and September in association with eastward k = 1 waves with periods longer than 10 days. These peaks are associated with quasi-stationary planetary waves, which are not considered in detail in the present study. The second largest peak occurs in July, and is associated with eastward k = 2 waves with a period of about 1.5 days. Similar but weaker peaks with slightly longer and shorter periods appear in June and August, respectively. The third largest peak, which occurs in August, is associated with eastward k = 1 waves with a period of about 3 days, and has a similar phase velocity to that of the k = 2 waves mentioned above. Weaker but similar peaks are apparent in June and September, with the latter having a period of approximately 4 days. These eastward k = 1 and k = 2 waves correspond to the 4-day wave of interest in the present study.
[17] The dynamics of the eastward k = 1 and k = 2 waves are examined by applying a spatiotemporal filter to the simulated three-dimensional velocity, temperature, and geopotential height fields. The band-pass periods adopted in the filter are determined such that wave components with the predominant periods of the simulated 4-day wave, that is, 3-4 days for the k = 1 wave and 1.3-1.7 days for the k = 2 wave, are successfully obtained. The k = 1 wave with periods of 2 -4.5 days and the k = 2 wave with periods of 1.2-3 days are separately extracted using the filter, and the filtered data are considered in the analyses below.
Excitation of 4-Day Wave
[18] As an indicator of the necessary condition for dynamical instability in large-scale flow, the meridional gradient of the quasi-geostrophic potential vorticity (q y ) is introduced, as defined by
where b denotes the meridional derivative of the Coriolis parameter (f), u yy denotes the meridional curvature of the zonal mean zonal wind in spherical coordinates [e.g., Andrews et al., 1987] , r 0 denotes density, N denotes the Brunt-Väisälä frequency, and subscript z denotes the vertical derivative. The possibility of flow instability is indicated by Figures 1a, 1d , 1g, and 1j are for total wave components. Figures 1b, 1e , 1h, and 1k are for k = 1 -5. Figures 1c, 1f , 1i, and 1l are for k > 6. Vertical component of EP flux is multiplied by 220. Scale of arrows is altered for clarity, and color scale is logarithmic. Contours denote zonal mean zonal wind in 10 m s À1 intervals.
negative q y . As shown in Figure 3 , negative q y (<À2 Â 10 11 m À1 s À1 ) for the monthly averaged zonal mean zonal wind in the polar mesosphere occurs between June and September. The negative q y peaks near the poleward flank of the mesospheric jet in June and July, corresponding to strongly positive u yy . According to the analysis of wave forcing on the zonal mean zonal wind in section 3.1, the positive u yy is maintained by gravity wave forcing, which rapidly strengthens with increasing latitude near the poleward flank of the westerly jet (Figures 1c, 1f, 1i, and 1l) . In August and September, the negative q y peaks in the middle of the double-jet structure above the stratospheric polar night jet, where the third term on the right-hand side of equation (1) becomes strongly negative because of the positive vertical curvature of the zonal mean zonal wind. Such a wind distribution is also maintained by the gravity wave forcing described in section 3.1 (Figures 1c, 1f, 1i, and 1l) .
[19] Figure 3 also shows the monthly mean distributions of the amplitude of geopotential height associated with the filtered 4-day wave, summed for the k = 1 and k = 2 waves (Figures 3a -3d) . The geopotential height amplitude of the 4-day wave peaks in the vicinity of the negative q y peak, and is distributed inside the polar vortex. In July and August, the maximal amplitude of the 4-day wave is sandwiched by negative and positive q y . The sign of q y changes near the locations of the maximal geopotential height amplitude, near 63°S, 0.2 hPa in July and near 70°S, 0.15 hPa in August. At these locations, the zonal mean eastward wind speeds are approximately +70 m s À1 and +55 m s À1 , similar to the eastward phase speeds of the simulated 4-day wave (with period close to 3 days). Such relationships are expected if the simulated 4-day wave is advected by the mean winds at these locations [e.g., Manney, 1991] . [20] The EP flux for the filtered waves (Figures 3e -3h) is directed downward and equatorward in June and July, from regions of negative q y to regions of positive q y . Such distributions of EP flux strongly suggest that these waves develop from the mixed baroclinic and barotropic instabilities in the large-scale zonal flows, consistent with the widely accepted generation mechanism for the 4-day wave [e.g., Manney and Randel, 1993] . In August and September, the EP flux in the polar mesosphere is predominantly directed downward, likely indicating that baroclinic instability is prevalent in this period. The EP flux is strongest in July near the poleward flank of the polar night jet, and thereafter becomes significantly weaker, probably in association with the seasonal march of the mean flow structures.
[21] The simulated 4-day waves in the Antarctic mesosphere exhibit substantial equatorward heat flux, indicating the transport of heat from the warmer polar region to the colder subtropical mesosphere. The monthly averaged zonal mean temperatures in Figures 3i -3l reveal a distinct winter stratopause associated with the temperature maximum in the polar region, attributable to the descending motion induced by primarily gravity wave forcing (Figures 1c, 1f, 1i , and 1l). The residual mean vertical velocities [e.g., Andrews et al., 1987] indicate strong descending motions in the mesosphere, raising temperatures in the polar region, and weak ascending motions producing lower temperatures in the subtropics. The resultant strong meridional gradient in mean temperature appears to be an important necessary condition for the occurrence of baroclinic instability in the Antarctic winter mesosphere.
Evolution of 4-Day Wave
[22] Figure 4 compares the evolution of the daily averaged zonal mean eastward wind at 0.1 hPa with the regions of negative q y . The mesospheric westerly jet peaks at 40-50°S, 0.1 hPa in association with the stratospheric polar night jet in June and July (see Figures 3a -3d for the monthly mean meridional cross sections). The mesospheric jet separates from the polar night jet as a result of strong wave forcing due to the upward propagating planetary waves in early August (not shown), accompanied by a decrease in wind speed from 80 to 100 m s À1 to 40-60 m s À1 (see also Figures 3a -3d) . The negative q y region occurs at 50-70°S throughout the analysis period. Westward forcing due to k > 6 waves is also apparent (Figure 4a) , and is mainly attributable to small-scale gravity waves. The latitudinal distribution and day-to-day variation of gravity wave forcing are in very good agreement with those for negative q y , representing strong evidence that gravity wave forcing is a primary source mechanism for the large-scale flow instability in the Antarctic winter mesosphere.
[23] The amplitudes of geopotential height associated with the k = 1 and k = 2 waves, which have the predominant periods of 3 -4 days and 1.3-1.7 days, respectively, are also shown in Figure 4 . As pointed out above, the amplitudes of the simulated 4-day wave are confined to within the mesospheric westerly jet. Each 4-day wave event occurs in association with strongly negative q y , and persists for 10-20 days. The mature periods for the k = 1 and k = 2 wave events are largely exclusive, except for one event in midAugust referred to as event A. The EP flux divergence due to k = 1 and k = 2 waves (Figure 4) indicates that wave forcing due to the k = 1 wave is generally less pronounced than that associated with the k = 2 wave. The largest eastward wave forcing, exceeding +25 m s À1 d À1 , occurs at the beginning of July, corresponding to a growth period of k = 2 wave amplitude. The second largest eastward wave forcing (approximately +20 m s À1 d
À1
) occurs in mid-July, corresponding to a mature period for the k = 2 wave (referred to as event J). The strongest amplification of the k = 1 wave occurs in event A, during which the eastward forcing of the k = 1 wave exceeds +15 m s À1 d
. Note that the eastward forcing due to the 4-day wave generally occurs in association with strongly negative q y . It is also noteworthy that westward forcing due to the 4-day wave sometimes occurs south of the eastward forcing, such as during event A, creating a northsouth dipole structure. The wave events mentioned above, as highlighted in Figure 4 , are investigated in more detail in section 3.5.
3.5. Wave Structures 3.5.1. Single-Jet Event in Mid-July
[24] Figure 5 shows the meridional distributions of u and q y , and the EP flux and divergence associated with the filtered 4-day waves during the typical wave events highlighted in Figure 4 . During the strong k = 2 wave event in mid-July (event J), the zonal mean zonal winds describe a single-jet structure, and a region of strongly negative q y (<À6 Â 10 À11 m À1 s À1 ) exists near the poleward flank of the westerly jet in the upper mesosphere. A group of equatorward and downward directed EP flux vectors diverges near the negative q y region, crossing the q y contours and converges near the region of maximum positive q y in the vicinity of the polar night jet. The divergence of EP flux causes eastward wave forcing on the zonal mean westerly winds of more than +10 m s À1 d À1 near the region of negative q y , probably contributing to a weakening of the negative q y and thus stabilizing the large-scale flow. The convergence of EP flux near the center of the polar night jet causes only weak westward forcing because of the increase in atmospheric density.
[25] Figure 6 shows a series of synoptic maps of geopotential height and temperature at 0.1 hPa during one cycle of the k = 2 wave. Large-scale features of the zonal average and k = 1 -5 component are also shown. The mesospheric subtropical jet or the edge of the polar vortex is located near 40°S (Figures 5a and 5d ). Inside the polar vortex, the temperature generally increases with latitude. The dominance of a k = 2 wave pattern can be identified from the filtered geopotential height and temperature associated with the 4-day wave shown in Figure 6 . As the k = 2 wave propagates eastward with a period of $1.5 days, the elongated structure corresponding to the inner polar vortex rotates eastward. Superposition of the weak k = 1 temperature anomalies on the dominant k = 2 anomalies results in a weak cold pool (À3 to À6 K) that circulates above the coastline of Antarctica. The bending horizontal phase structure of the geopotential height disturbances coincides with the poleward transport of eastward momentum expressed by the equatorward EP flux (see Figures 5a and 5d) . The phase relationships between the temperature and geopotential height anomalies indicate equatorward heat transport, in agreement with the downward EP flux. ). Amplitude of geopotential height for (b) k = 1 wave with period of 3 -4 days and (d) k = 2 wave with period of 1.3 -1.7 days (bold contours, 100 m intervals). Eastward forcing for filtered (c) k = 1 wave with period of 3 -4 days and (e) k = 2 wave with period of 1.3 -1.7 days (blue contours at +2, +5, +10, +15, +20, +25, and +30 m s À1 d À1 ), and westward forcing (red contours at À2, À5, À10, À15, À20, À25, and
). Daily averaged time series is displayed in Figure 4a , while 5-day running averaged values are displayed in Figures 4b-4e for clarity. J and A denote wave events mentioned in section 3.4.
Double-Jet Event in Mid-August
[26] The meridional distributions of u and q y , and the EP flux and divergence associated with the k = 1 and k = 2 waves during the wave event in mid-August (event A, Figure 4 ) are shown in Figures 5b, 5c , 5e, and 5f. This is a typical double-jet event, during which the negative q y reaches a peak between the mesospheric subtropical jet and the secondary jet at 70 -80°S. This wind distribution resembles that derived from monthly averages of observed temperatures in August 1976 and 1977 [Lawrence and Randel, 1996 , although the simulated westerly winds are stronger than those observed. A group of k = 1 EP flux vectors diverges in the polar half of the negative q y region, directed poleward and downward, crossing q y contours and converges near the regions of maximal positive q y in the vicinity of the secondary jet. The divergence and convergence of k = 1 EP flux produce a dipole pattern sandwiching the peak of the secondary jet, causing the secondary jet to move equatorward. Another group of k = 1 EP flux vectors can also be observed, originating from the region of negative q y on the poleward flank of the stratospheric polar night jet near 80°S, 3 hPa. Some of the EP flux vectors are directed upward and converge in the Antarctic mesosphere, while others are directed equatorward and downward, converging near the stratospheric polar night jet. The dynamics of these stratospheric 4-day waves and the generation mechanism of the negative q y region on the poleward flank of the stratospheric polar night jet are beyond the scope of the present study.
[27] The EP flux associated with the k = 2 wave can be seen in the middle of the double-jet structure, at lower latitudes compared with the k = 1 EP flux. The k = 2 EP flux is also directed poleward and downward, diverging from the maximal negative q y between the two jets and converging near the top of the stratospheric polar night jet. The eastward wave forcing associated with the k = 2 wave is weaker and peaks at lower latitudes compared to the k = 1 wave, and the sum of the two waves creates a broad eastward wave forcing that extends across the entire region around the double-jet structure.
[28] Figure 7 shows a series of synoptic maps of geopotential height and temperature at 0.1 hPa during one cycle of the k = 1 wave. Within the mesospheric subtropical jet, above Antarctica, the center of the polar vortex circles eastward around the South Pole following the low-pressure anomaly of the 4-day wave produced by the sum of the k = 1 and k = 2 waves. A distinct warm pool with a large temperature anomaly of +9 to +12 K also circles eastward around the South Pole above the Antarctic coastline, with a period of approximately 3 days. The phase relationships between the temperature and geopotential height anomalies indicate strong equatorward heat transport corresponding to the downward EP flux (see Figures 5b, 5c , 5e, and 5f).
Effect of 4-Day Wave on Momentum Budget
[29] During the wave events described above, the eastward forcing due to the simulated 4-day wave acts to accelerate the zonal mean westerly winds (u) near the negative q y region in the Antarctic winter mesosphere, where gravity wave forcing causes strong deceleration of u. The role of wave forcing due to the 4-day wave in the zonal momentum budget is quantified here in comparison with that associated with gravity waves. Figure 8 shows the evolution of each term of the transformed Eulerian mean zonal momentum equation, as given by [e.g., Andrews et al., 1987] 
These terms are calculated and averaged over the interval 55-65°S at 0.1 hPa, where the eastward forcing due to the 4-day wave reaches a maximum in July and August. The advection term in Figure 8 corresponds to the sum of the first and second terms on the right-hand side of equation (2), which include the residual mean meridional and pressure velocities (v*, w*). The divergence of EP flux (r Á F) represents eastward zonal forcing due to the total wave component. The running average of 5 days is shown for each term. In these averaged time series, tendency of u becomes negligibly small, and the total wave forcing term (negative values) is roughly balanced with the advection term (positive values). The nonconservative term (X ) is calculated as the residual of the small-u tendency, advection, and the total wave forcing terms, and represents the effects of unresolved physical processes such as horizontal and vertical diffusion.
[30] The wave forcing calculated separately for the k = 1-5 and k > 6 components, and the filtered 4-day wave components, are shown in Figure 8b . The total wave forcing is dominated by strong westward forcing due to the k > 6 component associated with the dissipation of gravity waves, and evolves slowly compared to the k = 1 -5 component. Figures 1c, 1f, 1i , 1l, 3a -3d, and 4), leading to generation of the 4-day waves. The eastward forcing due to the 4-day wave occupies much of the k = 1 -5 component in July and August, and significantly alters the evolution of the total wave forcing. During the strongest event at the beginning of July, the eastward forcing due to the 4-day wave offsets more than half of the westward gravity wave forcing, resulting in a weakening of the total westward wave forcing. A contemporaneous decrease in the advection term is seen in Figure 8 , probably resulting from a decrease in poleward flows induced by the total wave forcing. A weaker but similar enhancement of eastward forcing due to the 4-day wave is apparent on some occasions, weakening the total wave forcing and the meridional circulation with a time scale of 10 -20 days.
Concluding Remarks
[31] The characteristics of the eastward 4-day wave in the Antarctic winter mesosphere simulated using the T213L256 middle atmosphere GCM were analyzed and compared with the seasonal march of the meridional structures of the westerly jet streams in the Southern Hemisphere upper stratosphere and mesosphere. It was found that the k = 1 and k = 2 components of the 4-day wave have periods of 3 -4 days and 1.3 -1.7 days, respectively, with eastward phase speeds consistent with the wind speeds of the eastward mean flows near the maximal geopotential height amplitude of the waves, where q y changes sign. The 4-day wave was shown to develop near regions of negative q y either near the poleward flank of the mesospheric subtropical jet or between the two jets of the double-jet structure of the mesospheric westerly winds, where westward forcing due to gravity waves creates strongly positive curvature of u. The EP flux was found to diverge near the region of maximal negative q y and to converge near the region of positive q y associated with maximal u. Such effects likely act to reduce the negative q y value. The k = 2 component was dominant in July, creating an elongated inner polar vortex that circles eastward above Antarctica with a period of $1.5 days, while a mixed k = 1 and k = 2 wave event occurred in mid-August, creating strong warm pool of +9 to +12 K that circles eastward near the Antarctic coast line with a period of $3 days. The eastward forcing due to the 4-day wave was found to have a substantial impact on the zonal mean momentum budget in the Antarctic winter mesosphere, offsetting part of the westward forcing due to gravity waves and creating intraseasonal variation in the total wave forcing with a time scale of 10 -20 days. These characteristics suggest that the eastward 4-day wave in the Antarctic winter mesosphere is essentially a mixed baroclinic and barotropic wave that develops in the large-scale mean flow under strong distortion by gravity wave forcing. The gravity wave forcing causes not only distortion of the mesospheric westerly winds (e.g., forming a double-jet structure), but also strong baroclinicity in the Antarctic winter mesosphere by driving poleward meridional overturning circulation, the descending motion of which raises temperatures in the polar cap region while the ascending motion lowers temperatures at the subtropics.
[32] The overall findings in the present study support previous observational and theoretical studies [e.g., Randel and Lait, 1991; Lawrence and Randel, 1996; Manney and Randel, 1993] . Randel and Lait [1991] analyzed observational temperature data for the stratosphere in August 1980, and resolved 4-day wave EP flux vectors directed downward and equatorward near 50 -60°S at the stratopause. It was suggested that flow instability associated with the mesospheric double-jet structure might be the origin of the observed 4-day wave, which is supported by the present simulation. The evolution of the 4-day wave at 1 hPa derived in that study is also generally similar to that at 0.1 hPa described in the present study (Figure 4 ). Manney and Randel [1993] later conducted stability calculations using the climatological zonal mean zonal winds in August, and concluded that both baroclinic and barotropic instabilities associated with the double-jet structure in the mesosphere were necessary to realize rapid growth of the 4-day wave. Lawrence and Randel [1996] reported another type of 4-day wave that developed in the Antarctic mesosphere in September 1977 associated with flow instability between the stratospheric polar night jet and the mesospheric subtropical jet. However, the mean flow distribution and wave characteristics of that event differ from those reported in the present study. The present study provides valuable insights on the variety of 4-day wave characteristics associated with the background conditions in the Antarctic winter mesosphere, where the number of observational and numerical studies remains limited compared to those for the stratosphere.
[33] The most interesting finding in the present study is the influence of the 4-day wave on the momentum budget. As detailed analysis of the zonal momentum budget accounting for gravity wave forcing cannot be performed using existing observational data sets, this result provides new and valuable information. The 4-day wave develops in baroclinically and barotropically unstable flow originally caused by gravity wave forcing, and it is thus natural that the 4-day wave acts against gravity wave forcing as found in the present study. Groups of small-scale gravity waves generated in the troposphere propagate through the mean westerly winds of the polar vortex, and the dissipation of those gravity waves results in strong localized friction with the mesospheric westerly winds, distorting the mean flow to create regions of negative q y . The planetary-scale 4-day wave generated by the flow instability moves eastward with the mean westerly winds within the mesospheric polar vortex, and the resulting transport of momentum and heat acts to accelerate the mean westerly winds near the negative q y region. Although the wave forcing due to the 4-day wave is weaker than that due to gravity waves, the 4-day wave is the primary dynamic mechanism that acts to partially stabilize the unstable mean flow structure in the Antarctic winter mesosphere caused by gravity wave forcing, leading toward dynamically stable conditions.
[34] The origins and propagation of gravity waves in the Antarctic winter mesosphere simulated by the high-resolution GCM have been discussed by Watanabe et al. [2006 Watanabe et al. [ , 2008 and Watanabe [2008] , and further details will be given in a forthcoming paper by Sato et al. (submitted manuscript, 2009 ). More comprehensive analyses on the seasonal march of the extratropical general circulation in the present GCM simulation are currently planned, and the roles of various kinds of atmospheric waves in the zonal mean momentum budget will be elucidated in the near future. The detailed sequence of growth of the 4-day wave may also be investigated separately in the future.
